This paper introduces a pose sensing system for soft robot arms integrating a set of macrobend stretch sensors. The macrobend sensory design in this study consists of optical fibres and is based on the notion that bending an optical fibre modulates the intensity of the light transmitted through the fibre.
Introduction
Soft continuum robots are typically made from soft materials that change their shape as dictated by the actuation system as well as to surfaces with which they are interacting (Trivedi et al 2008; Stilli et al 2014; Sareh et al 2012; Pfeifer and Iida 2009; Culha et al 2014) . However, this ability of soft robots to morph their shape comes at the expense of complicating configuration and position control (Marchese et al 2014) .
To implement a pose control system for this class of robots, the deformation of the soft body must be monitored and incorporated into the control algorithm during the operation. A number of researches employ visual 3D tracking systems, e.g. the Vicon® Motion Capture system (MoCap) to collect information on the geometry of soft robots (Dobrzynski et al 2011; Saunders et al 2011) and continuum robots (Hennan et al 2003; Webster et al 2006) . However, exploiting vision-based sensing systems requires a workspace sparsely populated with obstacles and sufficient space for installation of the sensor system. Electromagnetic tracking systems, e.g. NDI Aurora (Northern Digital Inc., Canada), can sense the position and orientation of finite numbers of magnetic tracking coils embedded inside or attached to the robot (Xu et al 2013) . However, these systems are subject to magnetic field distortions (Kim et al 2014) and have limitations with regards to the mobility of the magnetic field generation system. A practical solution to achieve 3D shape sensing is to create an assembly of (at least) three length sensors arranged in parallel, as illustrated in Figure 2 (b) . When the assembly undergoes a specific amount of bending in a particular orientation, a unique combination of three lengths is measured by the sensors which can describe the configuration parameters of the assembly including the elongation, bending angle and orientation. These shape sensing systems employ various types of length sensors based on cable displacement, stretch and strain measurements.
Shape sensing systems based on passive cable displacement (Murphy et al 2014; Rone and Ben-Tzvi 2013) are influenced by the cables' sliding friction (Kim et al 2014) , and possible stretch of the cables. Also, as passive cables of the distal segments have to be passed through the proximal segments of the arm, these sensing systems are usually impractical for modular implementations (Camarillo et al 2008) .
In another approach, stretch sensors were integrated into the body of soft robots to sense the bending and elongation (Culha et al 2014; Cianchetti et al 2012) . One of the best examples of off-the-shelf stretch sensors is based on conductive rubber (Images Scientific Instruments Inc, USA). Although, the conductive rubber sensors can be used for measuring the length via simple resistive circuits, they suffer from large relaxation times and hysteresis (Vibhute and Kshirsaga 2012) . Another type of stretch sensors are based on dielectric elastomers and are supplied by StretchSense Ltd (New Zealand) and Danfoss PolyPower A/S macrobend stretch sensor crimped braided sleeve NDI Aurora sensor used for benchmarking (Denmark). These sensors are able to accurately measure the stretched length by a near linear voltage-length relationship. However, decoupling between different modes of sensing, e.g. pressure and stretch modes, is complex (O'Brien et al 2014) .
Optical Fibre technology offers advantageous sensing capabilities for transducing strain, temperature, and force. The optical fibre sensors are immune to the magnetic field and are inherently safe for medical and industrial applications (Polygerinos et al 2010) . Optical fibre sensing is based on the modulation of the optical characteristics of the light transmitted through the optical fibre, including light intensity (Liu et al 2010; Liu et al 2011; Sareh et al 2014; Noh et al 2014; Noh et al 2015) , wavelength (Patrick et al 1998; Allsop et al 2005) , and polarization (Feng et al 2011) . Light intensity modulation has also been employed for pose sensing in soft robotics, by using two separate segments of optical fibres, one connected to the emitter and the other one to the detector (Sareh et al 2015a; Sareh et al 2015b; Searle et al 2013) . Fibre Bragg Grating (FBG) sensors have been used for shape sensing in continuum robots (Roesthuis et al 2013) . However, FBG systems are highly sensitive to strain conditions. When subjected to a non-uniform strain field, the strain compensation becomes complex (Zhang et al 2007) .
Bending an optical fibre is another approach to modulate the intensity of the light transmitted via the fibre. Macrobend optical sensing can be realized through sufficient bending of the optical fibre beyond the point at which the critical angle for light reflection is exceeded (Jay 2010) . The macrobending of an optical fibre connected to a light source leads to light loss along the length of the fibre that can be measured using a light detector, e.g. FS-N11MN fibre optic sensor (Keyence™, USA). This desired light loss can occur at multiple locations along the length of the fibre (Silva et al 2013) . In Zawawi et al 2013, implementations of macrobend stretch sensors were proposed in semicircular (half turn), circular (one turn), and figure-of-eight configurations. Other prominent examples include sinusoidal and roller coaster loop-the-loops configurations (Silva et al 2013) . Macrobend sensing method has also been employed in a multi-layer configuration for plantar pressure and shear sensing (Wang et al 2005) , for the development of a temperature sensor (Moraleda et al 2013) , and for a voltage sensor (Wang et al 2011) . In this paper, we investigate the macrobend-based sensing approach for developing stretch sensors, and apply this technology to pose sensing of a soft robotic arm.
The remainder of this paper is organized as follows. In Section 2, pose sensing based on macrobend stretch sensors is explained. This section also presents an analytical model which takes length values from three macrobend stretch sensors as inputs, shown in Figure 1 , and delivers values of arm's length, bending angle, and pose of the arm's tip as outputs. The macrobend characterization experiments and the design and implementation of macrobend stretch sensors constitute Section 3. Section 4 presents the calibration and testing of the macrobend pose sensing system. The conclusions and future works are presented in Section 5.
Pose sensing in a soft robotic arm
The combination of position and orientation of an object, e.g. a soft robot arm, is referred to as the pose of that object (Akella and Mason 1998) . Pose sensing is the task of determining the position and orientation of the object relative to a coordinate system. The pose sensing system, presented in the following, can be used to measure the pose information in human joints (e.g. wrist joint) as well as robotic systems (e.g. soft robotic arms). In this study, the sensing system is used for pose sensing of the STIFF-FLOP robot arm (Cianchetti et al 2013; Ranzani et al 2015a) , shown in Figure 1 . The body of this soft continuum arm is made of Silicone (Ecoflex 00-50, Smooth-on Inc.) and is 40 mm in length. The arm accommodates three longitudinal pneumatic chambers which are equally orientated around the central axis of the arm, and are constrained inside a crimped braided sleeve 1 . When the pneumatic chambers are inflated, the braided sleeve restrains the radial expansion of the chambers, thus guiding the ballooning effect to mainly occur along the longitudinal direction. We have developed custom sewable stretch sensors based on macrobend fibres used for length sensing in the peripheral edge of the arm; hence, the general term 'length sensor' is replaced by 'macrobend stretch sensor' in the following. The macrobend stretch sensors were sewn into the crimped braided sleeve of the soft robot arm, as shown in Figure 1 . The pose sensing system for the cylindrical arm considered here consists of three macrobend stretch sensors whose variable lengths are s 1 , s 2 , and s 3 , respectively. In response to the amount and direction of bending, the three length sensors will be individually elongated or shortened. The combination of the three sensor outputs can then be used to compute the curvature parameters of the arm; i.e. length of the central axis of the arm (arm length) S, bending angle θ, and orientation . In this study, these parameters are computed using the constant curvature model (Webster and Jones 2010) . Figure 2a shows the parameters of the arm in 3D space. The frame of reference o-xyz is fixed at the base of the robot arm such that the xy-plane is the plane of the bottom of the arm and the z-axis is perpendicular to this plane. We assume that the arm bends with constant radius r. The arm length S can be obtained as follows (Jones et al 2004) ,
1 Note that the crimping of the braided sleeve is performed to enhance its elongation range. 
where d describes the radial distance between the central axis of the arm and each length sensor integrated at the peripheral edge. Finally, the orientation of the arm φ can be computed through (Webster and Jones 2010),
Having calculated the values of the bending and orientation angles along with the length of the central axis of the arm, the tip position in Cartesian coordinates can be easily calculated from (Chen 2005) , P= (P x ,P y ,P z )= 
The capability of the sensing system in generating correct values of , , can be evaluated using embedded position sensors at the tip and the base of the robotic arm, e.g. the Aurora V2 elecromagnetic tracking system (Northern Digital Inc., Canada). Assuning the base of the arm is located at the origin (0,0,0), the bending radius of the arm can be calculated from the arm's tip position as follows (Malekzadeh et al 2014) 
is the length of the straight line connecting the base and the tip of the central axis of the arm (OP), and F,G = J ' + K ' is its projection on the bottom plane of the arm. Using triangle rules, the angles and can be expressed as,
Having computed the bending radius and the bending angle, the length of the central axis of the arm is obtained from,
The position data from Aurora sensors are also required to be used as the reference for the initial calibration of the length sensors. The reference values of lengths s 1 , s 2 , s 3 can be calculated as (Jones 2007) ,
Note that the orientation angle of the length sensors on the periphery of the arm with respect to x-axis are 90 º, 210 º and 330 º, as indicated in Figure 2 (b).
Macrobend stretch sensing

Characterization of macrobend-induced light loss
This section describes an experimental study concerning the proposed stretch sensors by exploiting the macrobend fibre concept (Silva et al 2013) . Through this study, we aim to characterize the main parameters of the proposed stretch sensors: the bend fibre radius and the number of turns. The definition of an optical fibre turn with bend fibre radius r is illustrated in Figure 3 (Belardi and Knight 2014) .
In order to characterize the fibre macrobend, precise deployment (bending) of the optical fibre is required. The industry standard IEC 60793-1-47 (measurement methods and test procedures: macrobending) suggests two methods for the bending of optical fibres during macrobend loss measurement:
• Method A: Fibre winding, e.g., using mandrels.
• Method B: Quarter circle bends, e.g., using guiding groove structures on a flat surface.
Whilst Method A is the preferred way of bending for relatively large number of fibre turns, Method B is suitable for bending optical fibres in short lengths with relatively fewer bends. Therefore, in order to precisely modulate the light intensity through macrobending, a set of custom mandrels and guiding groove structures for the bending of optical fibres were designed and fabricated 2 . When the optical fibre is bent, the intensity of the modulated light is measured using an FS-N11MN fibre optic sensor (Keyence™, USA), which converts the light intensity to voltage. In order to characterize the macrobend loss, three sets of experiments were conducted: Experiment 1. Characterization of the macrobend loss: planar bend patterns of a fibre formed inside guiding grooves: this experiment uses the guiding groove structures to form fractions of a turn N= {1/8, 2/8, 3/8, 4/8} along a part of the length of the optical fibre. The experiment is conducted with three values of r = {5, 3.5, 2} mm for the bend fibre radius. there are approximately equal sensing values (maximum difference of 3%) for two successive half turns using guiding grooves and a turn using mandrels. Therefore, we can calculate the macrobend loss in complex helical or 2D patterns of mutually-tangent circular arcs only through counting the number of turns and associated radii. 
(11) Table 1 shows that the absolute standard deviation of the last 11 voltage samples at each radius is less than 0.04V. Also, the Figure 6(b) shows that the ratio of absolute deviation of the last 11 samples and the standard deviation of all 21 samples significantly decrease by increasing the bend fibre radius. Hence, the dependence of the voltage to the number of turns can be assumed negligible when the number of turns is equal or greater than 5. This assumption simplifies designing sensing systems based on macrobend loss, taking into account the bend radius as the only significantly influencing design parameter. We therefore focus our work on the design and implementation of a stretch sensor with number of turns equal or greater than 5.
In general, the light loss in an optical fibre happens when the radius of bending is below a specific threshold called the Minimum Bending Radius (MBR). This value is a function of the material properties, thickness, and also the number of turns (Hoss and Lacy 1993) . The MBR for a quarter turn of the fibre used in this study is 5mm, according to its datasheet. Referring to the experimental data presented in Figure 4 
Design of the stretch sensor
The macrobend stretch sensor should be highly compact at compression, and stretchable to a particular length required by the actuator it is coupled with to measure its length change. Also, in order to keep all electronics away from the sensing site, the fibre should be looped to place the light emitter and detector next to each other. Figure 7 (a) illustrates the loopback design of the macrobend stretch sensor indicating locations of tip vertices, lateral vertices, and fibre cross-overs. Note that during a full stretch of the sensor, the radius of curvature of lateral vertices are increased resulting in an increment in the light intensity, whilst the radius of curvature at the tip vertex is decreased generating an inverse effect on the light intensity value. Hence, the voltage output is not valid when the bend fibre radius at the tip vertex is less than the MBR of the optical fibre ( < 6.5mm). In order to avoid this problem, the radius of curvature at the tip vertex must be always kept above the MBR, so that this vertex is not used for sensing.
Figure 7(b) shows three key phases of stretch sensing, each comprised of a chain of ellipsis, where and represent semi major axes of each ellipse. Each ellipse has two lateral vertices that can be designed to produce certain levels of light loss at certain stretch levels of the sensor structure. The levels of light loss depend on how the bend fibre radius of lateral vertices is changing in relation with the MBR. We assume that the perimeter of each ellipse remains constant during the length change of the sensor structure, which means there is no exchange of fibre length at fibre cross-over locations during the operation of the sensor. Hence, knowing the number of ellipses N and the bend fibre radius of the balanced configuration ( zVUV_^[ ), a unique sensor structure can be designed. Table 2 summarizes the impact of the choice of zVUV_^[ on the compactness and stretchability of the sensor, suggesting that \VF = zVUV_^[ = MBR can be considered as a reasonable trade-off in the design of the sensor. Note that \VF is regarded as a measure for the stretchability of the sensor, and \VF increases with \VF and represents the maximum value of the semi major axis b. Also, according to the experimental results presented in Figure 6 (a), the voltage value is 1.35V at a bend fibre radius of 0.5mm (this value was measured by winding the fibre around a still needle with the diameter of 1mm). The =0 cannot be implemented and tested using mandrels. We consider \b_ =0.5mm to allow sufficient voltage margin with the radius range that cannot be tested through this approach, where \b_ is the minimum value of the semi major axis b.
This study aims to integrate the abovementioned macrobend stretch sensor into the STIFF-FLOP arm for pose measurement. The three macrobend stretch sensors should be installed at specified locations along the periphery of the arm (Figure 2(b) ). Therefore we need information on the maximum stretch at these locations. The maximum applicable air pressure inside pneumatic chambers of the STIFF-FLOP arm (Figure 1 ) is 0.6 bar; beyond this amount of pressure the robot arm is likely to be damaged. Therefore, an air chamber of the arm was inflated by 0.6 bar, undergoing a 163° bending deformation in one direction. This actuation increased the length of the central axis of the arm from 40mm to 83mm, as presented in Figure 8 (a). According to the Equation (9), in order to calculate the maximum length along the periphery of the arm, we need to know the cross-section radius of the braided sleeve, indicated in Figure 2(b) . The value of d, decreases in response to the elongation of the arm. Therefore, the relationship between the length and crosssection radius of the crimped braided sleeve was studied and the results are shown in Figure 8(b) . It can be seen that the cross-section radius is 16.5mm for an arm length of 40mm. This value decreases to 14.5mm at maximum elongation of 83 mm (this value of length corresponds to a bending angle of 163º during actuation, according to the bending angle vs. length data presented in Figure 8 
By substituting quantities of = \VF =127mm, = \VF = 6.5mm, and f =1mm into the Equation (13), the number of ellipsis (fibre turns) is computed as N=9. It is worth reiterating that the maximum length measured in the robot arm is 124.3mm, hence \VF =127mm provides around 3mm margin above this value. Having substituted N=9, and = \b_ = 0.5mm in the same equation gives the minimum measurable length by this sensor as = \b_ =19mm. Therefore, the stretch sensor is able to measure lengths between 19mm to 127 mm. Note that N=9 is safely satisfying the optical condition (N ≥ 5) for relying only on the radius of curvature in calculation of the macrobend loss, discussed in section 3.1 (Experiment 3) and Figure 6 (a) and 6(b). In order to experimentally validate the sensor design, the optical fibre was sewn according to the loopback configuration shown in Figure 9 (a) and 9(b) into a crimped braided sleeve 3 (N=9 and zVUV_^[ =6.5mm).
By stretching the braided sleeve structure, the macrobend sensing system is expected to be continuously modified from highly compressed to the balanced configuration, ideally providing a sensing range of 1-5V (the measurable range by FS-N11MN fibre optic sensor). Figure 9 (c) shows the experimental setup of a test where the stretch sensor was subjected to pure elongation along the x-axis, using a linear actuator. The voltage output of the FS-N11MN fibre optic sensor and the motor position were synchronously acquired during the test. This characterization test was run for 6 cycles and the sensor's voltage-length relationship with errorbars is presented in Figure 9 (d). In the following, we report on our pose sensing system employing three macrobend stretch sensors of the type presented above.
We have performed a force test to quantify the stiffness of the macrobend pose sensor, as shown in Figure  10 (a). In this experiment, a Nano17 force sensor anchored to the moving platform of a motorized linear guide was serially linked to the macrobend pose sensor. This experimental arrangement provided position and force information during the extension of compression of the pose sensor, as shown in Figure 10 (b). 
Calibration and testing of the pose sensing system
In order to experimentally validate the capability of the sensing system in measuring the pose of the soft robotic arm, the values of the configuration parameters obtained from the macrobend pose sensing system was benchmarked against the an electromagnetic tracking system (NDI Aurora). For this purpose, two NDI Aurora Micro 6DOF sensors (each 0.8 mm in diameter and 9 mm in length) were embedded in the STIFF-FLOP robot arm with the integrated macrobend stretch sensors; one at the tip and the other one at the base of the arm (Figure 11(a) ). The robot arm was actuated through pressurization of the pneumatic chambers using ITV0030-3BS-Q pressure regulators (SMC Corporation, USA) and a bench air compressor. Three swept-amplitude sine waves signals with the same frequency of 0.1 Hz, a mutual phase difference of 120°, and linearly varying amplitude of 0-0.6bar (Figure 11 (b)) were applied to the pressure regulators to move the arm in the 3D space. A custom C# code was developed to synchronously acquire the analogue values from the serial port used by the NDI Aurora sensor and a USB port connected to FS-N11MN fibre optic sensors via a NI-USB 6211 DAQ. The position information from the NDI Aurora sensors and voltage data from the FS-N11MN fibre optic sensors connected to macrobend stretch sensors were synchronously acquired during the actuation. The position readings from the tip and base NDI Aurora sensors were translated in 3D space, with the base of the arm located on the origin (0,0,0). Then, the translated tip positions were substituted into Equations (5) to (9) to eventually produce the length data for each macrobend stretch sensor. The resulting length data were curve-fitted against their corresponding voltage data from the FS-N11MN fibre optic sensors using a two-term exponential function of the form,
The coefficients c n , n=1,2,3,4 were calculated in Matlab and is presented in Table 3 . Figure 11 (c) shows the voltage-length relationships of the macrobend stretch sensors and the corresponding two-term exponential fits. In order to validate the sensing values, the swept-amplitude sine waves were reapplied to the pressure regulators. The NDI Aurora sensors were to read the tip and base position data, and simultaneously the voltage data from FS-N11MN optical fibre sensors were acquired. The FS-N11MN output voltage values v i , where i is the voltage sample number, were used as the input value for Equation (14) in order to calculate the associated length values s i . These length values were substituted into Equations (1) to (3) to obtain the length of the arm, the bending angle, orientation and position of the arm's tip. The reference values of the length of the arm, bending angle and orientation were calculated from reference position values provided by NDI Aurora sensors using Equations (5) to (8). Note that the position accuracy of the 6-DOF NDI Aurora sensors is claimed to be 0.90 mm (Nafis et al 2006) . A comparison between sensing data from macrobend and NDI Aurora sensors is presented in Figures 12, and 13 . Figure 13 presents the projection of the tip position on the bottom plane (xy-plane) of the robot arm, P(R, ),
where R= F,G (described in Section 2) and is the orientation angle. The maximum error in the estimation of the projected position of the arm's tip on the xy-plane (shown in Figure 11(a) ) is 9.7mm. The error in the estimation of the configuration parameters can be due to the following reasons:
• The mismatch between the actual configuration of the arm and the ideal constant curvature shape assumption. The characterization experiments of the actuation system indicates a maximum deviation of 4% with respect to the constant curvature model .
• Also, the stress generated at the fibre at cross-over locations due to bending deformation of the arm, can change the intensity of the light received by detector (Wang et al 2005) , and was not considered in the current model. This phenomenon, illustrated in • Figure 11(b) , can be observed in Figure 12 This study has used a simple but established model for the analysis of a novel sensing system, however, future work on the stretch sensor will need to consider improvements on this model to reduce the error. The new model will ideally take into account the variable curvature of the robot arm and the light-loss at fibre cross-over locations. The improvement on the model can be achieved by introducing experimentally derived correction terms into the existing model to achieve a better fit.
This paper offers a solution to pose sensing in soft robotic arms using the proposed macrobend technique which is particularly cost-effective when compared with alternative solutions such as those based on FBG or electromagnetic tracking systems. Our stretch sensing system uses three Keyence FS-N11MN fibreoptic sensors which can currently be obtained for less than 750 USD overall. The used optical fibres are negligible cheap at less than 5 USD per meter. Approaches based on FBG or electromagnetic tracking systems are easily a magnitude more expensive.
Conclusions
We have presented a new pose sensing system, based on integrating a set of custom stretch sensors, and assessed its capabilities in measuring bending, elongation and compression in a soft robotic arm through benchmarking against an electromagnetic tracking system (NDI Aurora). The results of experiments indicated maximum errors of 18% and 13% in measuring the arm's length and the bending angle, respectively. The stretch sensors developed as a part of this study are made from highly flexible optical fibres. The measurable light outputs passing through the optical fibres is varies due to macrobend loss, which is a function of the fibre bend radius as well as the number of repeated turns. Our experimental study revealed that the chosen bend radius r has a far greater impact on the measured light intensity values than the number of turns N (if greater than five). Hence, taking into account that the bend radius is the only significantly influencing design parameter, macrobend stretch sensors with N ≥ 5 were developed to create a practical solution to the pose sensing in soft robot arms. In this arrangement, optical fibres originate from the base and extend to the tip of the robot arm, then loop back to the base to allow placing all required optoelectronics at the base of the arm. This loopback optical fibre system is inherently safe as no electrical current is required at the sensing site, and is suitable for modular implementation in multi-link soft continuum robotic arms. Since this optical fibre arrangement uses a closed optical loop between the emitter and the detector, it is therefore immune to the external lighting conditions. The ability of the macrobend stretch sensors to flexibly adapt their configuration allows preserving the inherent softness and compliance of the robots they are installed on. Other advantages include immunity to electrical noise and magnetic fields. This sensing principle is amenable for integration into to wearable sensing technologies, e.g. pose sensing in the wrist joint of a human hand. The future works will focus on the standardization of the fabrication process of sensors, and further development of the mathematical model to measure the twist of the robotic arm.
